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Abstract—An Artificial Magnetic Conductor (AMC) is a 
type of metamaterial that can be used to enhance the 
performance in several antenna and microwave design 
applications. In this work we propose an analytical approach 
for  size and bandwidth optimization of AMCs constructed of 
magnetically coupled elements Numerical results (obtained 
using COMSOL) for the optimized structure demonstrate 
performance close to the theoretical limit. 
Index Terms—antennas, artificial magnetic conductors, 
helices, measurements. 
I. INTRODUCTION  
Artificial magnetic conductors (AMCs) have been first 
presented by Sievenpiper in 1999 as metallic arrays printed 
on a grounded dielectric substrate and connected to the 
ground plane through metal vias [1]. Such surfaces fully 
reflect for certain frequencies normally incident microwaves 
with a near zero degree reflection phase. Assuming no 
losses and exactly 0 reflection phase, the surface is referred 
to as a perfect magnetic conductor (PMC), complementary 
to a perfect electric conductor (PEC). In practice, the 
reflection phase of AMCs crosses zero at just one frequency 
(for one resonant mode). The useful bandwidth of an AMC 
is in general defined as the frequency band between phase 
changes on reflection of ± 90 on either side of the central 
frequency, since these phase values would not cause 
destructive interference between direct and reflected waves. 
A schematic of such an AMC is shown on Fig. 1. 
AMC surfaces have also been produced from structures 
similar to the Sievenpiper but without vias, which eases 
fabrication [2], [3]. Theoretical analysis of such structures 
can be found in [4].  
Metallic arrays have also been placed over a ground 
plane in order to significantly enhance the directivity of 
simple radiating sources positioned between the array and 
the ground [5]–[7].  The structure is based on the formation 
of a resonant cavity between the ground plane and the array 
that acts as a partially reflective surface (PRS). While high 
gain planar antenna designs have been produced, the 
antenna profile, which is determined by the resonance 




FIG. 1. Schematic representation of an antenna incorporated with an AMC 
consisting of an array of metallic patches placed above a ground plane.  
 
Further work has been presented [8] where the antenna 
profile has been reduced to approximately half, maintaining 
the gain performance using planar periodic metallic arrays 
placed on a grounded dielectric substrate.  There are further 
studies presented in other articles [9-14]. Depending on the 
intended application AMCs can be optimised in terms of 
their size relative to the wavelength in the radiation direction 
and their operational band. The previously published results 
provide a wide range of possible parameters with 
operational band ranging from 10% to 40% compared to the 
resonant frequency while the thickness varies from 5% to 
7% of the wavelength [14]. It has been recently 
demonstrated that AMCs can be constructed of magnetically 
coupled helices [15], and structures that provide 31% 
operational band while comprising 5% of the wavelength 
have been suggested.  
Theoretical limitations of AMCs have been studied in 
[16], where Brewitt-Tailor estimated the maximum 
operational bandwidth of an AMC as:  
 
(1) 
where Δf is operational band of the AMC, f – its central 
frequency, h – thickness of the AMC, λ – wavelength. 
The performance enhancements that can be achieved 
with the introduction of an AMC include: excitation of 
additional resonant frequencies in antenna integrated 
structure [17], improvement of antenna’s bandwidth and 
gain [18-19], increase of RFID detection [20] and specific 
absorption rates for medical body-area network application 
[21].  
In this work we introduce an analytical approach for the 
optimisation of AMCs constructed of magnetically coupled 
elements. Further we demonstrate numerical results for the 
structures which provide performance close to the Brewitt-
Tailor limit. 
II. ANALYTICAL OPTIMISATION 
To analyse the AMC performance we shall first 
introduce a parameter that will characterise how close the 
performance of the AMC is to the Brewitt-Tailor limit. We 
suggest an AMC parameter P, which equals 1 when the limit 




To illustrate, how close the existing structures are to the 
theoretical limit, we demonstrate the performance of some 
of the previously suggested AMCs on Fig. 2. It can be seen, 
that for the patch structure the AMC parameter drops 
significantly when the relative thickness decreases, while 
the helical one gives an opportunity to increase P while 
making the relative size smaller. However, no geometries 
with AMC parameter much above 0.6 have been suggested.  
First let us consider an infinite uniform 2D array of 
helical elements arranged parallel to each other on top of a 
ground plane. Each helix is electrically isolated from the 
ground plane and all other helices.  We assume that the 
helical wires are infinitely thin and the current in any 
particular helix is uniform. The parameters of the helices 
are: radius rhel and length lhel, while the parameters of the 
unit cell are: height hc > 2rhel width wc > 2rhel ,  length 
lc > lhel. The array is excited by a plane electromagnetic 




FIG. 2. Geometries of the AMC unit cells and their AMC performance for 
a) conventional patch structure [14], b) low frequency patch structure [14], 
and c) helical structure [15].   
 
At operational frequencies an artificial magnetic 




Here μ is the effective relative magnetic permeability of the 
AMC and ε is the effective relative electric   permittivity. In 
the presented case the electromagnetic response of the 
helices will contribute a frequency dependence to μ while ε 
will stay frequency independent to a first approximation. 
Therefore to obtain the best AMC response the μ of the 
structure has to be maximised over as wide a frequency 
range as possible. 
The magnetic moment mnm of an individual helix 
positioned at row n and column m of the array (n,m) can be 
calculated as that for a solenoid: 
 
(4) 
where Inm is the current in the helix, N the number of turns 
and Shel = 4πrhel the cross-section area of the helix. 
Kirchhoff's voltage equations for each element of the array 
can be written in the following form: 
 
(5) 
where Znm is the complex impedance of the helix, U the 
electromagnetic induction created by the oscillating 
magnetic field, Iab the current in the element positioned at 
(n+a,m+b) and Zab and the mutual impedance of the 
elements is (n,m) and (n+a,m+b). U can be expressed in the 
following way using Faraday's law: 
 
(6) 
To calculate Inm we assume that as the infinite array is 
excited uniformly then the currents in all elements should be 
the same at any particular frequency and equal to I. In this 
case (5) can be rewritten in the following form: 
 
(7) 
In order to obtain impedances we shall consider an 
helix as an equivalent LCR circuit, which is a valid 
assumption as the helices are significantly smaller than the 
wavelength at their first resonance frequency. Thus for the 




where f0 is the resonance frequency of an individual helix, Q  




where κEa,b and κHa,b are the electric and magnetic couplings 
between helices (n,m) and (n+a,m+b) respectively, κEgr and 
κHgr are the electric and magnetic couplings to the ground 
plane. More information on coupling coefficients can be 
found in [22] and the way to obtain the coupling values from 
numerical or experimental data is described in [23]. Now, 
substituting (6), (8) and (9) into (7) we obtain the equation 
for the current in each helix: 
 
(10) 
The magnetic moment of each element is:  
 
(11) 
where Vhel is the intrinsic volume of the helix. The relative 





M here is the magnetisation of our AMC. Finally, the 
expression for  can be written as: 
 
(13) 
where α = Vhel/Vc is the fill factor. 
For further discussion we will assume that the helices 
are coupled to their nearest neighbours along both primary 
axes and also to their next nearest neighbours along the 
diagonal axes. Coupling to other helices will be neglected. 
In this case the coupling coefficients are non 0 for elements 
with a and b = -1,0,1.   
Now, to maximise the AMC response it is clear that the 
fill factor should be made as large as possible. Furthermore, 
magnetic coupling appears as a sum term in the denominator 
of (13). Thus it does not affect the relative operational 
width, but shifts the resonant frequency down, so strong 
positive magnetic coupling is required to obtain significant 
sub-wavelength response. The electric coupling coefficient 
is multiplied by f0/f and as a result strong electric coupling  
makes the resonance sharper which we would like to avoid. 
Finally the Q factor can be made as small as possible to 
maximise the bandwidth. However it is also important to 
note that low Q leads to high losses and decreases the 
resulting gain of the antenna when placed on top of the 
AMC. 
III. STRUCTURE OPTIMISATION 
As was shown in section 2, in order to maximise the 
AMC parameter of the structure with magnetic response, the 
elements should have relatively low Q and the fill factor 
should be close to 1. Elements, that satisfy both of these 
requirements are split ring resonators shown on Fig. 3a. 
Square geometry has been chosen to provide maximum fill 
factor and allow manufacturing on double sided PCB. 
However, the electric coupling for this configuration is 
significant both between neighbouring elements and also to 
the ground plane. Thus, as can be seen in (13), apart from 
making the structure significantly subwavelength electric 
couplings also makes the resonance sharp, limiting the AMC 
parameters. The electric fields in this structure are 
concentrated in the gaps between pins and the ground plane.  
To minimise electric coupling between elements, the 
pins have to be moved away from each other without 
decreasing the fill factor of the element. We propose doing 
this using the geometry shown on Fig. 3b with pins moved 
by l/4 from the centre of the top patch. This will also 
weaken the negative magnetic coupling from the nearest 
neighbours that will further increase the relative operational 
band. Furthermore to avoid the coupling from the diagonal 
elements, each second element can be mirrored (Fig. 3c). In 
this case the closest distance between pins corresponds to 
l/2, which makes the electric coupling negligible. 
Finally, to reduce coupling to the ground plane we 
suggest replacing the ground plane with the conductive grid 
shown on Fig. 3d. Despite the fact that this will lead to some 
transmission, the structure will still have a high reflection 
coefficient, while low electric coupling allows the more 
broadband response.  
 
 
FIG. 3. Geometries of the AMC unit cells a) SRR on top of the ground 
plane, b) SRR with shifted pins on top of the ground plane, c) 2 mirrored 
SRRs on top of the ground plane d) 2 mirrored SRRs on top of the 
conductive grid. 
 
IV. NUMERICAL RESULTS 
Numerical results presented in this section have been 
obtained using the frequency domain solver of the 
commercially available package COMSOL Multiphysics. 
The parameters of these structures are the following: h = 3 
mm, w = 4 mm, l = 2 mm, distance between elements edges 
d = 0.15 mm, spacing from ground plane to pins edge g = 
0.05 mm, radius of pins r = 0.15 mm. These values have 
been chosen to satisfy the current manufacturing 
capabilities. Materials used in the model are: copper for the 
conductive elements and FR4 with dielectric constant of 4.3 
for the substance.  
 The frequency dependence of the phase difference 
between normally incident and reflected  signal for all 
structures discussed in the previous section is presented on 
Fig. 4. Variations in central frequencies of the operational 
bands correspond to the discussed changes in coupling 
values.  It can be seen that the relative operational band 
increases from 14% for structure (a) to 24% for structure 
(d).  
The frequency dependence of the amplitude reflection 
coefficient is presented in Fig. 5. For the first three 
structures the losses are only associated with resistive losses 
and reach a maximum of about 5% at the central frequency. 
For the fourth structure, the drop in reflection coefficient 
arises from the reradiation from free pin edges that are 
arranged close to the conductive grid plane. The maximum 
drop is now 26% and is also observed at the central 
frequency. Away from the resonance the grid behaves like a 
ground plane as long as the holes in it are much smaller than 
the operational wavelength.  
 
FIG. 4. Frequency dependence of the phase difference between normally 
incident and reflected waves for the structures presented on Fig.3. 
 
 
FIG. 5. Frequency dependence of the normally reflection coefficients for 
the structures presented on Fig.3. 
 
The parameters for AMC performance for these 
geometries are shown in Table I. It can be seen that the 
AMC parameter increases for these structures with the 
decrease of electric coupling and a maximum of 0.96 is 
reached for the structure (d) that is close to the Brewitt-
Tailor limit. It is also important to note that all the presented 
structures are below 3% of the wavelength at the central 
frequency. 




An analytic approach that can be used to optimise 
artificial magnetic conductors made of magnetically coupled 
elements has been introduced. Depending on the intended 
application the optimisation can be done in terms of 
bandwidth, relative size or the AMC parameter. This 
approach has been applied to the AMC structure constructed 
of split ring resonators placed on top of the ground plane 
and a close to optimal geometry have been suggested.  
Numerical modelling of the optimised geometry 
demonstrates performance close to the Brewitt-Tailor limit 
with 24% operational bandwidth for the structure that 
comprises merely 2.5% of the wavelength at the central 
frequency.  
Such structures can be manufactured on double sided 
PCBs and can be used in various microwave and antenna 
applications to improve the radiation performance and 
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